Abstract Over the past decade, there has been an increased interest in understanding the operative indications and techniques in treating scapular fractures and tracking their outcomes. Multiple studies have documented poor functional outcomes following nonoperative management of displaced scapular fractures. There is a groundswell of recognition that severe deformity from scapular malunion is associated with functional consequences for patients. This has led to a growing recognition that scapular fractures should be held to the same standards as other bodily fractures with regard to fracture fixation principles, including anatomic articular reduction, proper alignment, and stable internal fixation. Through research, there has been an improved understanding of scapular fracture patterns and the relevant surgical approaches and exposures used for fracture fixation. As with many bones, however, there still remains the absence of a compelling study that defines thresholds for surgical indication based on degrees of deformity and amounts of displacement.
Introduction
Although formerly felt to be rare, scapula fractures have been shown to occur with a rate of 0.7 % of all fractures. Thus, scapula fractures occur at rates approaching those of distal tibia and humerus fractures [1] . It is estimated that scapula fractures account for 3 %-5 % of all fractures about the shoulder girdle, with the most frequent fractures encountered occurring in the clavicle or proximal humerus [2, 3] .
With the exception of displaced articular glenoid fractures, perhaps the rarity of scapula open reduction internal fixation (ORIF) has fostered the traditional treatment of scapular fractures with benign neglect, with the hope of minimal functional compromise. Part of the rationale for this treatment modality has stemmed from the understanding that the shoulder joint range of motion far exceeds that which is needed for the activities of daily living. However, by definition, some sort of functional compensation must occur after malunion, with possible loss of motion, strength, endurance, or reaction time of the shoulder girdle. This deficit is currently poorly understood and not yet clearly defined. Recently, however, there has been new evidence to show that the scapula acts as part of a dynamic stabilizer of the humerus and shoulder complex [4] [5] [6] [7] [8] . Thus, old assumptions regarding static stabilization surrounding the shoulder girdle range of motion and function may be somewhat clinically irrelevant in the real world of dayto-day dynamic shoulder activities.
It is therefore without surprise that over the past 2 decades, several studies have documented poor results following nonoperative management of both intra-and extraarticular displaced scapular fractures [9-14, 15•, 16-21] . With the development of modern techniques in both surgical approach and internal fixation, surgeons began fixing selected scapula fractures utilizing Arbeitsgemeinschaft für Osteosynthesefragen (AO) principles of restoration of articular surface, alignment, and stable internal fixation leading to a renewed interest in the operative management of both displaced intraarticular and extraarticular scapular fractures. The surgical treatment of these fractures continues to evolve as our knowledge of shoulder anatomy, indications, surgical approaches, and implants has improved.
Pathoanatomic aspects of anatomy and function
It has long been known that the shoulder girdle has several static constraints, including the glenoid labrum, the rotator cuff muscles (which apply a constant axial compressive force of the humerus against the glenoid), relative negative intraarticular joint pressure, and the joint capsule, all of which are designed to keep the shoulder joint from dislocating. However, recently, evidence has shown that the scapula acts as part of a dynamic stabilizer with respect to the humeral head and shoulder complex [4] [5] [6] [7] [8] . To highlight the dynamic stabilization at stake, 18 muscles originate from, insert into, or cross the scapula and glenohumeral joint.
The scapula's glenoid has been compared with a seal balancing a ball on its nose [22] , constantly adjusting to closely follow the rapid translational motion of the humeral head to prevent dislocation (just as the seal prevents a ball from falling off its nose). Keeping the humeral head correctly and precisely centered over the glenoid optimizes dynamic stability by allowing for optimal function of the rotator cuff muscles through their respective physiologic Blick's muscle curve (the rotator cuff muscles act as both dynamic and static stabilizers to the shoulder girdle complex). Furthermore, at the extremes of humerus-glenoid translations, additional dynamic protective mechanisms guard against frank dislocation. In situations such as those in which a large impulse is applied to the humeral head, creating a relatively large scapula-humeral-head translational mismatch/subluxation (an example is a seal's neck not being able to keep up with a falling ball), a protective reflex arc of the rotator cuff muscles prevents dislocation. For example, if such a translational mismatch were to cause anterior subluxation of the humeral head against the glenoid, the subscapularis muscle would be relatively stretched, when compared with the other rotator cuff muscles. This prestretched subscapularis muscle would have a better response time and be more effective when fired in negating the relative anterior subluxation of the humeral head (since it would already be prestretched). Myers et al. [6] demonstrated an association between this precise rotator cuff reflex arc and persistent shoulder instability. Morris et al. [8] demonstrated electromyographical altered muscle activity and imbalance affecting shoulder girdle coordination in patients with multidirectional instability. Warner et al. [5] demonstrated a difference in scapulothoracic motion in the normal shoulder versus shoulders with glenohumeral instability and impingement syndrome. Matsumura et al. [23] showed, in a recent cadaveric study, that clavicle shortening leads to significant alteration of the physiologic scapulothoracic joint kinematics. Cole et al. [15•] identified a group of patients who had developed highly symptomatic malunion following an extraarticular fracture of the scapula. These patients underwent revision surgery, which ultimately improved their Disabilities of the Arm, Shoulder, and Hand (DASH) scores to normal levels [24] . It is likely that alterations in the osseous anatomy (malunions) affect these dynamic stabilizers in a way that promotes fatigue and symptoms of dysfunction.
Taking these factors into account, it is not a stretch to understand the pathophysiology behind why certain groups of patients would have shoulder girdle symptoms such as residual pain, weakness, and functional complaints following nonsurgical treatment of scapular fractures that lead to malunion [9-14, 15•, 16-21] . Furthermore, because of the close relationship of the scapula with respect to the clavicle via the AC joint and CC ligaments, it is not surprising that a fracture malunion of the scapula, the clavicle, or a combination would result in similar shoulder complaints being reported by patients. Ristevski et al. [25] recently reported on scapular malalignment in patients with symptomatic midshaft clavicle malunions and demonstrated scapular winging in this patient population. Ledger et al. [26] evaluated the anatomic and functional effects of shortened clavicle malunions in 10 patients and found reduced peak upper extremity abduction velocity, shoulder scores and visual analog global assessments for the affected shoulder, and reduced muscular strength for adduction, extension, and internal rotation-further evidence of dynamic shoulder dysfunction status postmalunion.. Other studies have evaluated the pathologic effects of scapular protraction on shoulder function. The scapula provides the base on which the upper extremity rests in both dynamic and static positions. A clavicle or scapular malunion both clearly alters the resting position of the scapula and causes malalignment. This places muscles attaching to the scapula in a position that alters their mechanical advantage and explains the consistencies of similar complaints between patients with clavicle and/ or scapular malunions.
Clinical evaluation
The physical examination should reflect an understanding of the commonly associated injuries, particularly those that are life threatening, when a patient is examined for a scapula fracture. Associated injuries are common particularly to the spine, cranium, and thorax [27] [28] [29] . Given the high energy associated with scapula fractures, one should be aware of recent literature correlating open blunt trauma clavicle fractures with a 52 % rate of head injury and 7 % rate of associated great vessel injury [30] . Gottschalk et al. [31] demonstrated rates of head, thoracic, and great vessel injuries in patients with shoulder girdle injury to be 31.5 %, 36.8 %, and 3.9 %, respectively. Baldwin et al. conducted a retrospective review of the National Trauma Database to examine concomitant diagnoses in over 9,400 scapula fractures. Among their findings was that rib fractures were present in 52.9 %, spine fractures in 29.1 %, lung injury in 47.1 %, head injury in 39.1 %, and clavicle fractures in 25.2 % of patients diagnosed with a scapula fracture [29] .
When possible, the shoulder and upper extremity should be examined with the patient sitting or standing, to give good access to the posterior forequarter, which is difficult when the patient is supine in bed. Medial and caudal displacement of the shoulder may be obvious, producing marked asymmetry, particularly if the patient is upright. Shoulder girdle injuries are frequently associated with neurovascular lesions and demand an appropriate assessment of the brachial plexus and distal perfusion, because 13 % of patients with scapula fractures sustain a brachial plexus injury [32] . The suprascapular and axillary nerves are at particular risk, yet it is usually impossible to assess their motor function, because of fracture displacement and pain; however, axillary nerve sensation should be documented. Abrasion over the scapula spine and acromion are common; therefore, skin integrity should be assessed for appropriate timing of surgery. Our preference is to wait on surgery until the skin has re-epithelialized. If the patient presents after 2 weeks postinjury, an electromyographic assessment of the suprascapular and axillary nerve and brachial plexus is possible. Fractures entering the spinoglenoid notch place the suprascapular nerve at very high risk for injury, and an EMG/NCS should be mandatory before or after surgery to document its conductive integrity.
Imaging
A standard chest radiograph should be obtained to evaluate for pneumothorax, and a trauma lateral cervical spine radiograph or sagittal cervical CT should be obtained to assess the patient for associated spinal fractures (Fig. 1) . Additionally, the radiographic workup should include an upright AP, scapula (Grashey view), axillary, and scapula Y views. With the Grashey view, one should measure the glenopolar angle, which is created at the intersection of a line drawn form the inferior glenoid fossa to the superior apex of the glenoid fossa and a line drawn from the superior apex of the glenoid fossa to the inferior angle of the scapula. Medial displacement of the proximal fragment, relative to the distal fragment at the lateral border, should also be assessed, a measurement sometimes referred to as lateral border offset. In the scapula Y view, angulation is measured by drawing a line parallel to the proximal fragment and a line parallel to the distal fragment. These radiographic parameters are the basis for determining indications for surgery: glenopolar angle, lateral border offset (aka medialization), and angulation. The axillary view is used to assess fractures of the acromion and coracoid, to assess glenohumeral subluxation or dislocation and intraarticular stepoff (which can also be seen on the Grashey view).
Because patients with a scapula fracture often present as multitrauma patients, a chest CT is often already performed on such patients upon their arrival to the ER. This CT could be used, and 3-D reconstruction views of the scapula can be obtained. Cole et al. [33•] demonstrated that CT scans were more reliable than plain radiographs in the assessment of inter-and intraobserver reliability with regard to scapular angulation, translation, and glenopolar angle measurements (Fig. 2) . This was confirmed in an additional study by Bartonicek et al. [34] . If marked displacement has occurred, such that there is a possibility of meeting surgical indications, a 3-D CT scan should be obtained, which allows for the most accurate measurements of deformity [35•] . Furthermore, progressive deformity of the scapular fracture during the early postinjury phase is a concern [36] , and serial upright radiographs should be obtained on a weekly basis for up to 3 weeks if nonoperative management is to be undertaken. This to ensure no further displacement and accurate nonoperative management.
Treatment

Nonoperative management
Dimitroulias et al. [37•] recently published a nonrandomized control trial demonstrating satisfactory outcomes with nonoperative treatment of scapular body fractures in terms of final DASH scores in a series of 32 patients. Given current published operative indications, we find it hard to reach meaningful conclusions when the vast majority of the patients in this study would be treated nonoperatively by nearly anyone's standard. Another recent study by Jones et al. [38] compared final outcomes between operative and nonoperative cohorts and found similar outcomes, despite the operative cohort having had significantly worse initial displacements. Considering the lack of randomization and the fact that the more severe surgically treated group had equal outcomes, as compared with lesser injuries treated nonoperatively, absolute conclusions are difficult to arrive at. However, a positive bias toward the surgically treated group can possibly be inferred.
Because of the lack of randomized controlled trials, there is still conflicting evidence in the literature regarding absolute surgical indications. There is a growing belief that nonoperative management of extraarticular scapula fractures is best reserved for those displaced less than 15-20 mm and angulated less than 30°-45°secondary to uniformly good outcomes with nonoperative treatment [2, 20, 37•, 39-42] . With such clinical presentations, the treatment should include patient reassurance, a sling, and physical therapy.
Surgical management
Intraarticular surgical indications
Indications for ORIF of intraarticular glenoid fractures have been addressed through the classification systems proposed by the modified Ideberg [32] and Goss. A displacement threshold for ORIF has been proposed of more than 4 mm of articular step-off or more than 20 % of the glenoid involved. Variations, however, exist regarding step-of indication ranging from 2 to 10 mm [3, 32, 43, 44•, [45] [46] [47] [48] [49] [50] [51] [52] . Certainly, any instability involving a glenoid fracture of the glenohumeral joint warrants surgical intervention. Surgery is indicated for any glenoid fracture resulting in subluxation and/or glenohumeral instability. Anterior rim fractures involving greater than 25 % of the articular surface are relatively indicated for operative fixation [3, 53] . Posterior rim fractures larger than 33 % of the articular glenoid surface have also been considered unstable and warrant operative intervention [54] .
It is therefore up to the surgeon to integrate multiple injury factors, including articular step-off and/or gap and percentage of joint involvement, as well as patient factors including age, activity level, hand dominance, job requirements, and health level, to determine an optimal treatment Fig. 1 Management of scapula fractures. GPA = glenopolar angle; LBO = lateral border offset plan. Recently, our group [44•] reported on the largest operative series of intraarticular glenoid fractures (33 patients), with detailed documentation of functional outcome, strength, and motion. Criteria for surgical intervention included articular fracture gap or step-off greater than or equal to 4 mm. Twenty-one patients underwent a posterior approach, 7 underwent an anterior deltopectoral approach, and 5 underwent a combined approach. At a mean 25-month follow-up, 91 % of patients showed anatomic restoration of the articular surface after surgery, with no losses of reduction or failed fixation. At the time of follow-up, 87 % of the patients were pain free, with 90 % of patients returning to their preinjury level of work and/ or activity. Other recent publications have demonstrated excellent outcomes in smaller series after arthroscopic-assisted reduction and percutaneous cannulated screw fixation of isolated glenoid rim lesions or noncomminuted transverse glenoid fractures [55] [56] [57] [58] .
Extraarticular body and neck fracture surgical indications
Indications for extraarticular surgical intervention are even more controversial secondary to the lack of randomized controlled trials comparing operative versus nonoperative treatments. Relative indications for internal fixation of extraarticular scapular fractures are as follows: angular deformity ≥45ºon a scapular Y shoulder radiograph, lateral boarder offset (LBO) ≥15 mm plus angular deformity ≥35°, LBO ≥20 mm, Glenopolar angle ≤22º as measured on a true Grashey AP view of the shoulder, displaced double lesions of the superior shoulder suspensory complex where both the clavicle and scapula fractures are displaced ≥10 mm, or coexistence of a complete AC dislocation and scapula fracture with displacement ≥10 mm. These relative indications must be placed in the context of the patient's functional demands. Using the above-stated criteria, the chief author [59] has been able to demonstrate low rates of subsequent complications with surgical intervention and good functional outcomes and satisfactory scores among patients.
Multiple lesions to the superior shoulder suspensory complex
In 1993, Goss [60] coined the phrase superior shoulder suspensory complex (SSSC) of the shoulder as the osseoligamentous connection of the acromion, coracoid, and glenoid processes of the scapula as they relate to their respective capsule-ligamentous connections. Goss theorized that a double disruption in any two of the four structures would cause a "floating" glenohumeral joint. This would represent a discontinuity between the axial and appendicular skeleton and would require surgical intervention. Subsequently, his theory has been challenged by some authors [61] [62] [63] . We agree with Edwards et al. [61] and Ramos et al. [63] that surgery is not indicated when each component of the double displacement is stable and minimally displaced (less than 10 mm), but we agree with Goss that the instability of the displaced floating shoulder presents a lower threshold for open reduction internal fixation. The senior author has encountered over a dozen cases of even greater than two lesions to the SSSC, all associated with high displacement and ipsilateral injuries, and we believe that all of these should be treated aggressively with ORIF, to allow immediate mobilization. 
Process fracture surgical indications
With regard to isolated fractures of the acromion or coracoid process, these are uncommon. These fractures usually occur as a result of a direct blow to the superior shoulder region for acromion fractures or a violent traction injury through the biceps and coracobrachialis. We use several criteria to aid in determining the need for surgery. If either an acromion or a coracoid fracture is displaced more than 10 mm or there is an ipsilateral scapula fracture or multiple disruption of the SSSC, then ORIF is warranted [42, 43, [64] [65] [66] [67] [68] . When the acromion is displaced more than 5 mm, a supraspinatus outlet view should be obtained and evaluated for acromial depression, which may contribute to an impingement syndrome, much like a type III "hooked" acromion, which may warrant a lower threshold for ORIF. Outcomes following ORIF of acromion or coracoid process fractures have been generally good, with high rates of union [65, 66, 68, 69] . Anavian et al. [68] reported the results of surgical management of 14 coracoid and 13 acromion fractures treated operatively. A combination of screws, tension bands, sutures, or plate fixation was used. All of these process fractures healed with mean DASH scores that were of the same as uninjured population normative baseline DASH scores. The only complications in this series were soft tissue irritation requiring hardware removal in 2 patients and removal of ectopic bone in 1 patient.
In contrast, in the setting of patients with a reverse total shoulder arthroplasty (rTSA), the reported functional results of surgically fixed isolated scapular /acromion fractures have been less favorable [70, 71] . The occurrence of acromion fracture s/p rTSA has been reported with an incidence approaching 5 %. The mechanism appears to be either a stress riser from the superior screw of the glenoid component and/or, more frequently, a result of altered physiology status postrTSA. The location of this fracture is related to the maximal moment arm exerted by the deltoid at its attachment along the acromial base and is likely related to superphysiologic stresses seen by the acromion secondary to altered function of the deltoid [72] . As a consequence, acromial fractures in the setting of rTSA substantially alter the biomechanics of this deltoid-dependent implant [72] . This condition in the setting of rTSA may be an emerging problem of which we do not yet know the full clinical significance. It seems reasonable to approach the fractured acromion in this setting with ORIF to restore stability in a way that renders a tension band principle to the acromial spine [70] .
Surgical treatment
The decision regarding a surgical approach should be determined after careful review of the radiology studies.
Recently, scapula fractures have been mapped from analysis of 3-D CT to clearly illustrate the true nature of fracture patterns [35•] . This map provides a basis for approaching the usual variants only, and each patient's CT scan must be reviewed in detail to determine the best approach. In addition, 3-D CT has been shown to afford superior interobserver and intraobserver reliability over plain films [33•] .
Fractures involving the neck and body of the scapula make up approximately 80 %-90 % of surgical injury patterns. These fracture patterns are addressed through variations of the posterior approach. A Judet incision should be used if the surgeon needs access to multiple scapula borders seen with extensive fracture patterns or in cases of chronic malunions.
The patient is positioned in the lateral decubitus position. BoneFoam (Plymouth, MN) arm positioners are helpful for this setup. A Judet posterior incision along these landmarks, 1 cm caudal to the acromion spine and 1 cm lateral to the vertebral border, is used. The surgeon's decision making at this juncture depends on the desire for limited or complete exposure to the posterior scapula.
Limited exposure is developed via intermuscular windows [73] , with an advantage of reduced trauma to the surrounding soft tissue and help in protecting the suprascapular and axillary nerves. This technique can be used to access fractures requiring reduction and fixation at the lateral border, acromial spine, and vertebral borders of the scapula. Since almost all fractures of the scapula that require surgery have displacement of the lateral border, the most important window is between the infraspinatus and teres minor. This window gives access to the lateral border, scapula, neck, and posterior glenoid. Great attention must be given to developing this interval carefully so as not to injure the neurovascular structures located in the quadrangular space, which is caudal and lateral to the desired interval. If needed, an additional window could be developed between the trapezius and the deltoid to access the spine of the scapula. A third window can be developed along the vertebral medial border of the scapula. The intermuscular plane for this window is between the infraspinatus and the rhomboids.
Alternatively, an extensile approach to the scapula involves elevation of the entire infraspinatus muscle from medial to lateral, with exposure of the infraspinatus fossa up to the glenoid neck. The extensile exposure grants the surgeon adequate control of the fracture at multiple points to effect the reduction and mobilize the fracture in cases of severe fracture comminution or in cases in which callus formation has occurred in scapular fractures that are often more than 3 weeks old.
More recently, a minimally invasive approach to the scapula vertebral and lateral borders has been described [74] . This approach is well suited for simple neck and body variants that are addressed within 1 week of injury. This exposure promotes less dissection and quicker rehabilitation.
Complex articular fractures dictate an anterior or posterior glenohumeral approach depending on CT findings of the fracture patter and location of comminution.
Rehabilitation
With the goal of accomplishing stabilization achieved, immediate full passive and active assisted range of motion should be emphasized, a formula that has been associated with a 100 % union rate, with no evidence of hardware failure. Light strengthening and resistance with 3-5 lb of weight is begun 4 weeks postoperatively, followed by strength and endurance training beginning after 8 weeks. After 12 weeks, all restrictions are lifted, and the patient may return to normal activities.
The role of the therapist may be one component of a successful postoperative recovery. Pulleys and Therabands and a keen understanding of exercises to strengthen the rotator cuff and parascapular musculature are paramount. Most often, physical therapists are unfamiliar with treating patients with scapular fractures and are afraid to inflict harm. This tendency is associated with a failure to progress and must be defeated by clear communication to the patient and therapist.
Conclusion
Indications for surgical management of scapular fractures continue to be better defined as we improve our understanding of the pathophysiology of scapula malunion. Furthermore, increased surgical experience and surgeon awareness, improved operative approaches, and a higher number of patients who survive high-energy trauma with highly displaced scapular fractures led to good patient outcomes after surgical fixation in properly selected patients.
Surgical indications for scapular fractures are based on angular deformity and displacement. However, these indications need to be placed in the context of other ipsilateral injuries, as well as patient activity level, hand dominance, and any co-morbidities. The surgical risks of open reduction internal fixation of scapula fractures have been historically low across many operative series, and it is this relatively low-risk option that should align with the principles of treatment for other fractures. This approach provides the benefit of more immediate pain relief and quicker rehabilitation of the shoulder girdle, with the hopeful prevention of the lasting sequelae of dysfunction more recently discovered in malunions.
